Synthesis of chlorine-free, rare earth oxide aerogels from the lanthanide series was achieved using a modified epoxideassisted sol-gel method. An ethanolic solution of the hydrated metal nitrate, propylene oxide, and ammonium carbonate was found to gel upon heating to 333 K. Critical point drying of the wet gel in CO 2 yielded monolithic aerogels. Most of the aerogels were amorphous as-prepared, but became nano-crystalline after calcination at 923 K in air. The aerogels had high surface areas (up to 150 m 2 /g), low densities (40-225 mg/cm 3 ), and were photoluminescent.
Introduction
Rare earth oxides (REO) are frequently used as catalysts or catalyst supports due to their high catalytic activity, good thermal stability, and oxidation resistance [1] [2] [3] [4] [5] [6] [7] . Though there have been many reports on the synthesis of high surface area REO materials [1, [8] [9] [10] , attempts to make pure, monolithic REO aerogels via the simple epoxideassisted sol-gel method remain limited [11] . Typically, this technique uses a metal chloride as the precursor in an ethanolic solution, which upon the addition of an organic epoxide forms a gel. Unfortunately, the use of the chloride precursor results in the formation of a significant oxychloride fraction in the REO aerogels that is extremely difficult to remove and can potentially poison the catalyst [11] [12] [13] [14] . Alternatively, there have been attempts to use halide-free salts, such as metal nitrates, as the precursor, but in these cases either no gel was formed or the synthesis took an extraordinarily long time to complete (e.g., weeks) [8] . Therefore, the synthesis of contaminant-free, monolithic REO aerogels via epoxide-assisted sol-gel method remains a significant challenge.
Herein, we report the use of a modified epoxide-assisted sol-gel method to produce chlorine-free, monolithic REO aerogels in hours. This method was demonstrated for the lanthanide series using lanthanide nitrates as the precursor. A key factor in realizing the sol-gel transition with the nitrate precursor was the addition of ammonium carbonate to the solution. Ammonium carbonate is critical because, as noted by Clapsaddle et al. [11] , when the nitrate precursor is used, the pH of the solution remains constant, so that gelation, which requires an alkaline pH, does not occur. With the addition of ammonium carbonate and moderate heat, however, the conditions for gelation are satisfied. These alcogels can then be dried and calcined to produce chlorine-free, low-density, high surface area REO aerogels covering the lanthanide elements. Extensive characterization of the REO aerogels via XRD, XPS, and electron microscopy was performed to determine their composition and microstructure. Textural properties and photoluminescence characteristics were also analyzed.
Experimental

Rare earth oxide aerogel synthesis
To prepare sol-gel solution, dissolve 3 mmol lanthanide nitrate hydrate in 3 ml alcohol (e.g., ethanol). Add 1.6 g of an epoxide (e.g., propylene oxide) and 5.2 ml of oversaturated ethanolic ammonium carbonate solution. To prepare the oversaturated solution, combine 30 ml ethanol (200 proof), 3 ml deionized water, and 1.5 g (NH 4 ) 2 CO 3 under vigorous stirring. This dispersion is then heated to 323 K and decanted to yield the oversaturated solution. Seal the sol-gel solution in a vial and heat to 333 K until a gel is formed (minutes to hours). The alcogel is then washed (in acetone or dry alcohol) to remove any by-products (e.g., water). Supercritical drying (e.g., methanol or liquid carbon dioxide) is used to produce the aerogel. Ambient drying can be used to produce a higherdensity monolith. Annealing can be used to modify the crystalline nature of the aerogels. The ambient dried gels are calcined at 923 K for 1 h with a moderate heating ramp (1 K/min).
Electron microscopy
Field-emission scanning electron microscopy (FE-SEM) and energy-dispersive X-ray (EDX) analysis was performed on a JEOL 7401-F at 10 keV (20 mA) in lower secondary electron imaging mode with a working distance of 2-8 mm. High-resolution transmission electron microscopy (HRTEM) characterization was performed on a Tecnai F20 S-TWIN electron microscope operated at 200 kV.
X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) was performed on a PHI Quantum 2000 system using a focused monochromatic Al Kα X-ray source (1486.6 eV) for excitation and a spherical section analyzer with the 16-element multichannel detection system. The X-ray beam is incident normal to the sample, and the detector is 45°from normal. Spectra were collected with 200-μm X-ray spot using a pass energy of 23.5 eV, giving an energy resolution of 0.3 eV that when combined with the 0.85 eV full width half maximum (FWHM) Al Kα line width gives a resolvable XPS peak width of 1.2 eV. The collected data were referenced to an energy scale with binding energies for Cu 2p 3/2 at 932.72 ± 0.05 eV and Au 4f 7/2 at 84.01 ± 0.05 eV. Binding energies were also referenced to the C 1s photoelectron line arising from adventitious carbon at 284.6 eV. Low-energy electrons and ions were used for specimen neutralization. The detection limit for this instrument is 0.1 at%.
Nitrogen porosimetry
Textural properties were determined by Brunauer-EmmettTeller (BET) and Barrett-Joyner-Halenda (BJH) methods using an ASAP 2020 Surface Area Analyzer (Micromeritics Instrument Corporation) via nitrogen porosimetry [15] . Samples of~0.1 g were heated to 423 K under vacuum (10 −3 Pa) for at least 24 h to remove all adsorbed species.
X-ray diffraction
X-ray powder diffraction patterns were collected using a Bragg-Brentano geometry on a X'Pert MPD powder diffractometer (Panalytical, Almelo, Netherlands). The instrument was equipped with a secondary Ni filter, Cu Kα 1,2 radiation (λ 1 = 154.05929 ± 0.00005 pm and λ 2 = 154.4414 ± 0.0002 pm), and an X'Celerator multi-strip detector. Data were collected at ambient condition in the 2θ range from 10°t o 100°, a step width of 0.0167°/step, and a total collection time of 160 s/step. High-quality data were collected on a Stoe MP diffractometer (STOE & Cie GmbH, Darmstadt, Germany) equipped with a primary Ge(111) monochromator, Mo Kα 1 radiation (λ 1 = 71.3607 ± 0.0012 pm), and a Mythen 1K detector. Data were collected at ambient condition in the 2θ range from 2°to 62.365°, a step width of 0.015°/step, and a total collection time of 810 s/step. X-ray powder data Rietveld refinements were carried out using "Diffrac Plus Topas 4.2" software (Bruker AXS GmbH, Karlsruhe, Germany). To describe the X-ray diffraction profile, the fundamental parameter approach was applied in the Rietveld refinements. For the diffractometer configuration, the corresponding fundamental parameters were fitted to the powder data of standard LaB 6 . During the refinements, general parameters such as scale factors and background parameters (Chebychev polynomial) were optimized. Additionally, the cell parameters, atomic coordinates and isotropic atomic displacement parameters, average crystallite size L vol (IB), and micro-strain (ε 0 ) were refined.
Photoluminescence
The photoluminescence spectra in the visible and nearinfrared (NIR) spectral ranges were recorded at room temperature and at 13 K with a modular double-grating excitation spectrofluorimeter with a TRIAX 320 emission monochromator (Fluorolog-3, Horiba Scientific) coupled to a R928 and H9170 Hamamatsu photomultipliers, using a front face acquisition mode. The excitation source was a 450 W Xe arc lamp. The emission spectra were corrected for detection and optical spectral response of the spectrofluorimeter, and the excitation spectra were corrected for the spectral distribution of the lamp intensity using a photodiode reference detector. The emission decay curves for the Eu 3+ -and Tb 3+ -based aerogels were measured with the setup described for the luminescence spectra using a pulsed Xe-Hg lamp (6-μs pulse at half width and 20-30-μs tail). Emission decay curves for the Nd-based aerogels were recorded at room temperature with a Fluorolog TCSPC spectrofluorimeter (Horiba Scientific) coupled to a TBX-04 photomultiplier tube module (950 V), 200 ns time-toamplitude converter, and 70 ns delay. The exciting source was a Horiba Scientific pulsed diode light source (SpectraLED-355, peak at 356 nm). The 4 F 3/2 lifetime value (300 K) lies beyond the detection limits of the experimental setup (10 −9 s).
Density
Bulk densities of the aerogels were determined from samples shaped as right cylinders. The height, diameter, and mass were measured to give densities with a standard deviation of ±10%.
Thermal gravimetric analysis
Thermal gravimetric analysis (TGA) was performed on a Perkin Elmer thermogravimetric analyzer. Each sample was heated in a 20% O 2 (balance Ar) environment at a rate of 10°C /min at 923 K.
Results and discussion
The use of a modified epoxide-assisted sol-gel method produced gels for all the lanthanide nitrate hydrates except for cerium. The attempt to synthesize a pure ceria aerogel using this method resulted in a precipitate instead of a gel, but a Ce-containing gel was formed when lanthanum nitrate hydrate was added to the Ce solution. This is interesting to note because Clapsaddle et al. [11] showed that the only chlorine-free REO aerogel formed from the chloride precursor was Ce oxide. At 353 K, the nitrate solutions formed opaque, white gels within 2 h (Fig. 1a) . In contrast to the vibrantly colored gels generated via the chloride precursor, the colors of the nitrate salts were only faintly visible in their aerogels (Fig. 1a) . Also, unlike the chloride-derived gels, we did not observe gelation of nitrate solutions at room temperature. This is presumed to be due to the need to sufficiently decompose ammonium carbonate to generate the pH increase needed for gel formation. Ammonium carbonate is known to decompose and release ammonia in hot water, thus the moderate heating to 353 K facilitates this process. Other methods of raising pH at room temperature were also attempted (e.g., the addition of a strong base such as ammonium hydroxide, ammonia vapor, etc.), but these methods yielded precipitates or very inhomogeneous gels. The samples prepared with ammonium carbonate at 353 K showed little to no shrinkage upon gelation and supercritical drying. However, after calcination at 923 K, the aerogels shrunk considerably, with most remaining opaque and white (Fig. 1b) . Terbium and praseodymium were the exceptions, turning rich brown and black colors, respectively, upon heating (Fig. 1c) . Note, it is probable that the as-made REO aerogels retain significant amounts of hydration (e.g., absorbed water, hydroxyl groups), consistent with the previous work [16] and TGA ( Figure S1 ), which is removed upon calcination accounting for the observed shrinkage. As expected, the compositional analysis shows that no chlorine is present in the as-made or calcined aerogels ( Figure S2 ). Further, the stability of the synthesis was tested by varying the ethanol to oversaturated ethanolic ammonium carbonate solution ratio. Increasing the amount of the oversaturated solution still results in a stable gelation. Even the dissolution of nitrates in pure ethanolic ammonium carbonate solution is possible and leads to a slightly shorter gelation time. The ratio stated in the Experimental section represents the minimum ratio to achieve a stable gel. Textural properties of the REO aerogels are presented in Table 1 . Like the chloride-derived aerogels, the nitrogen adsorption-desorption isotherms for the nitrate-derived REO aerogels were type IV (IUPAC classification), with very small HI hysteresis loops at high relative pressures characteristic of mesoporous and possibly macroporous networks. The BET surface areas of these aerogels remained large (up to 150 m 2 /g), but decreased significantly after calcination at 923 K (less than 100 m 2 /g). The average pore diameters ranged from 15 to 23 nm, with fairly broad size distributions. Pore volumes ranged from 0.2 to 0.8 cm 3 /g. The high porosity of these materials is consistent with the low densities observed, ranging from <50 mg/cm 3 as-made to >100 mg/cm 3 after calcination. Despite the apparent homogenous appearance of the series of nitrate-derived aerogels, more in-depth characterization of the microstructure reveals some distinguishing features. Scanning electron micrographs (SEM) show that the majority of REO aerogels (La:Ce, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu) consist of a network of nanoparticles (Fig. 2) . Further analysis of transmission electron micrographs (TEM) reveals that the features of the as-made aerogels range from 20 to 50 nm in size, while after calcination, crystalline grains are 10-20 nm in diameter (Fig. 3) . The observed shrinkage in feature size is probably due to loss of the porosity in the larger as-made aerogels, consistent with their higher surface area. The particulate network morphology (Fig. 3 ) is similar to that observed for the chloride-derived REO aerogels [9] . However, some REO aerogels show quite different morphologies ranging from lamellar structure (La), to various leaf-like structures (Nd and Pr), not unlike the diversity of morphologies observed in alumina and iron oxide aerogels [17] [18] [19] (Fig. 4) . TEM indicates that all the REO aerogels are poorly crystalline or amorphous as-made (Fig. 3) , except for Nd which exhibited lattice fringes (Fig. 4) . After calcination at 923 K, crystalline phases become apparent for all the REO aerogels (Figs. 3  and 4) .
From X-ray powder diffraction data, it is possible to determine the composition of the sample while analyzing the crystal structures of the phases, the corresponding lattice parameters as an indication of the perfectness of the structure, and the average crystallite sizes L Vol (IB) and microstrains ε 0 to determine the crystallization state (quantum-, nano-, or polycrystalline; Fig. 5 ) [20] of the polymorphs. Analyzing the diffraction patterns of the samples heated at 353 K for 2 h, it is obvious that the reflections observed show a broadening corresponding to an average crystallite size L Vol (IB)~1 nm (Fig. 5) , which is in the range of the average lattice parameter or one unit-cell of an A-, B-, or CType Ln 2 O 3 structure and could therefore be assumed to be quantum-crystalline. Note, without further analysis like in Fig. 5 a long-range order but short distance arrangement of atoms representing the quantum-crystalline state could not be distinguished from a short-range but not long-range ordered, means amorphous, state. As an example, for Tm 2 O 3 , the average crystallite size L Vol (IB) = 0.92 ± 0.01 nm was found, irrespective if the structure of the cubic AType or monoclinic B-Type (both with fixed structural parameters) were used. When heating the same sample at 923 K for 2 h, an average crystallite size of L Vol (IB) = 6.70 ± 0.01 nm and a micro-strain of ε 0 = 0.203 ± 0.003% was determined for the single-phase A-Type structure (Ia3, a = 1050.61 ± 0.04 pm) clearly showing a nano-crystalline state with a spreading of around seven unit-cells in each direction. These findings are generally true for all lanthanide oxides heavier than samaria reported here. For Sm 2 O 3 and Nd 2 O 3 heated at 923 K for 2 h, the cubic C-Type and for La 2 O 3 and Pr 2 O 3 the monoclinic B-Type structure was found (Fig. 6 ). Performing Rietveld refinements on the data collected for the Sm 2 O 3 samples (Fig. 7) , which were heated at 923 K for 2 h, a lattice parameter of a = 1139 ± 16 pm for the C-Type structure in the space group I2 1 3 with an average crystallite size L Vol (IB) = 6.6 ± 0.2 nm and a microstrain of ε 0 = 0.49 ± 0.08% was determined. Further heating of the sample at 923 K for 6 h results in a phase transition to the A-Type structure (Ia3, a = 1093.6 ± 0.7 pm, L Vol (IB) = 12.7 ± 0.1 nm, ε 0 = 0.195 ± 0.005%). For the corresponding sample treated at 1373 K for 6 h, the B-Type structure in space group C2/m with a = 1417.29 ± 0.06 pm, b = 362.66 ± 0.01 pm, c = 885.14 ± 0.04 pm, β = 100.06 ± 0.01°, L Vol (IB) = 26.4 ± 0.1 nm, and ε 0 = 0.01 ± 0.01% was found. The strongly increased average crystallite size together with the disappearance of any micro-strain emphasizes the polycrystalline state of this sample.
Comparing the lattice parameters of the Sm 2 O 3 samples crystallizing in the cubic space groups I2 1 3 (C-Type) and Ia 3 (A-Type), a difference of 4.1 ± 0.1% could be found. To investigate this phenomenon in more detail, all reported crystal structures listed in the ICSD database (Fachinformationszentrum (FIZ) Karlsruhe, Germany) were analyzed. To achieve a comparability between the different crystal structures, with great unit-cell volume differences, the obtained cell volumes were divided by the number of formula units (Ln 2 O 3 ) per unit-cell, resulting in an average formula unit volume (FUV) for the different structure types and compositions. These FUV were plotted against the order number of the elements. As could be seen from this plot displayed in Fig. 6 , two different observations are obvious. First, all compounds follow the expected trend originating from the lanthanide contraction, and second, in this trend, the phases could be separated in two classes: one with an on average bigger FUV, which is due to all crystallites in the cubic space groups. The second class of phases has smaller FUV and crystallizes in hexagonal or monoclinic space groups. On average, the FUV of the noncubic phase is around 10% smaller than that of the corresponding cubic polymorphs, as indicated by the guidelines to the eye given in Fig. 6 for the two different classes. Taking the FUV of the C-Type phases found here, the corresponding FUV of both the samarium and the neodymium samples are above the line for the cubic space group, an observation which might be explained with a higher number of defects or distortions in the structure leading to a larger volume. To validate this assumption, another Sm 2 O 3 sample heated at 923 K was analyzed, which contained A-and C-Type phases in a similar amount together with a highly distorted B-Type phase. The corresponding Rietveld plot of the high-quality data refinements is depicted in Fig. 8 together with the evaluated C-type crystal structure. From these results, the highly distorted coordination of the samarium atoms becomes obvious, possibly causing the additional internal stress due to the approximately half-occupied second (split) samarium position. To refine the data, an additional phase was necessary, which could be described as a highly distorted B-type structure. Also for this phase, a slightly bigger FUV was found (see the blue filled diamond for this Sm phase in Fig.  6 ). Therefore, we conclude that the strong distortion in conjunction with a higher-defect concentration in the phases leads to a higher FUV or, in general, to a higher unit-cell volume, which provides clear indication for an ongoing crystallization/phase-transformation behavior. It would be of interest to investigate this crystallization behavior of the different polymorphs with respect to time and temperature. Nevertheless, this is not within the scope of the current paper.
Photoluminescence experiments were also used to characterize the REO aerogels. Figure 9a shows the room temperature emission spectra of the chlorine-free Eu 3+ and 5 transitions could be detected at room temperature. Nevertheless, at low temperature, a broad band is observed that can be ascribed to the host peaking around 523 nm, as well as a series of low-relative intensity lines attributed to the Sm 3+ 4 G 4 → 6 H 5/2-11/2 transitions. We also note the presence of a series of intra-4f 5 self-absorption lines that are superimposed on the broad band, pointing the presence of host-to-Sm 3+ radiative energy transfer at 12 K due to the socalled inner-filter effect [106] .
The excitation spectra were monitored within the more intense transition, e.g., 5 Fig. 9b . We note that the direct intra-4f excitation is the main path for the population of the lanthanides' excited states in the chlorine-free materials.
Aiming at the further detail, the photoluminescence features of Eu 2 O 3 and the emission and excitation spectra were also studied at low temperature. Despite the fact that at 12 K the emission spectrum of the Eu 2 O 3 resembles that acquired at 300 K (Fig. 9a) , the low-temperature excitation spectrum reveals the appearance of a broad band in the UV range with two components at 270 and 340 nm (marked in Fig. 9b ), whose origin is discussed below. Nevertheless, the higher relative intensity of the intra-4f 6 lines independent of temperature points out that direct excitation into the Eu 3+ excited states is the more efficient excitation path. Figure S3 , the emission decay curves deviate from a single exponential behavior at short times. This deviation from a single exponential suggests a large distribution of similar local environments for the Eu 3+ and Tb 3+ ions in each sample. Thus, the excited state lifetime values correspond to an average value defined by:
where I(t) is the emission intensity at time t, t 0 = 0.05 × 10 −3 s is the initial delay, and t 1 is the time value where the luminescence intensity reaches the background [107, 108] . From the data in Figure S3 and using Eq. (1) The effect of chlorine in the photoluminescence properties was evaluated for the case of the Tb 3+ -doped aerogels. The emission and excitation spectra of the chlorinecontaining Tb 3+ material (Tb 2 O 3 *) are also depicted in Fig. 9 . The emission spectrum shows the typical Tb 3+ lines, being observed a broadening of the intra-4f 8 transitions, so that the Stark components clearly distinguished in the emission spectrum of Tb 2 O 3 (marked with arrow in Fig. 9a The effect of chlorine in the photoluminescence features of the aerogels was also studied for Nd 3+ -based materials that emit in the NIR spectral range. As illustrated in Fig. 10a for Nd 2 Fig. 10b . The appearance of a broad band in the low-wavelength region (240-320 nm) for the chlorine-containing aerogel (Nd 2 O 3 *) with a peak around 270 nm is also noted. The emission and excitation spectra of chlorine-free Nd 3+ aerogel (Nd 2 O 3 ) were also measured at low temperature. Whereas the emission spectra resemble that acquired at 300 K, apart from an increase (×10 2 ) in the emission intensity, the excitation spectrum reveals the presence of a low-wavelength band with a peak around 340 nm and a shoulder at 270 nm, similarly to that already detected in the excitation of the chlorine-free Tb 2 O 3 and Eu 2 O 3 aerogels (Fig. 8b) . The observation of such bands in the excitation spectra of Eu 3+ -, Tb 3+ -, and Nd 3+ -containing aerogels readily discard the contribution of ligand-to-metal charge-transfer (LMCT) states for the excitation spectra, as the LMCT energy depends on the lanthanide ion. Nevertheless, we note that the excitation component around 270 nm, is only observed at 12 K (for Eu 2 O 3 and Nd 2 O 3 ), being thermally quenched at 300 K, Fig. 9 demonstrate the presence of thermally deactivated excitation mechanisms for the chlorine-free aerogels. Moreover, the component at 340 nm can only be detected for the chlorine-free aerogels clearly. These observations unequivocally demonstrate the role of the precursor in the photoluminescence properties.
Summary
A modified epoxide-assisted sol-gel method was developed to produce REO aerogels. Using this method, a nitrate precursor was used to produce chlorine-free, monolithic lanthanide oxide aerogels, which has been a significant challenge via other methods. Ammonium carbonate was used, with moderate heat, to induce gelation of the nitrate solution in a matter of hours. After drying, chlorine-free, low-density REO aerogels were produced. Electron microscopy and XRD analysis show that the aerogels are crystalline after calcination, retaining particle sizes less than 20 nm at temperatures up to 1373 K. Photoluminescence properties of the aerogels were shown to be sensitive to the presence of chlorine, with certain components only present in chlorine-free aerogels. Nitrogen porosimetry showed pore sizes in the mesopore range (<50 nm) and surface areas up to 150 m 2 /g for the uncalcined samples. Photoluminescent aerogels have potential applications in optical and laser technologies as well as "smart" materials, e.g., insulation that can also serve as a thermometer via phosphor thermometry. The high surface area and nanocrystalline properties also make these aerogels promising candidates for catalysts and catalyst supports. As such, future work will explore the possibility of doping these materials with transition metals such as nickel or cobalt and investigating their resulting catalytic properties (e.g., in hydrogenation reactions). 
